Alien microbes, fungi, plants and animals occur on most of the sub-Antarctic islands and some parts of the Antarctic continent. These have arrived over approximately the last two centuries, coincident with human activity in the region. Introduction routes have varied, but are largely associated with movement of people and cargo in connection with industrial, national scientific program and tourist operations. The large majority of aliens are European in origin. They have both direct and indirect impacts on the functioning of speciespoor Antarctic ecosystems, in particular including substantial loss of local biodiversity and changes to ecosystem processes. With rapid climate change occurring in some parts of Antarctica, elevated numbers of introductions and enhanced success of colonization by aliens are likely, with consequent increases in impacts on ecosystems. Mitigation measures that will substantially reduce the risk of introductions to Antarctica and the sub-Antarctic must focus on reducing propagule loads on humans, and their food, cargo, and transport vessels.
I. INTRODUCTION
Biological invasions are amongst the most significant threats to biodiversity (McKinney & Lockwood, 1999 ; Sala et al., 2000 , Courchamp, Chapuis & Pascal, 2003 , posing both a significant threat to individual species (Case, 1996; Williamson, 1996) , and being responsible for major changes to ecosystem structure and functioning (Heywood, 1989; D'Antonio & Dudley, 1995 ; Mack et al., 2000) . Their extent and significance are likely to increase with global environmental change (Dukes & Mooney, 1999 ; Hughes, 2000; Smith et al., 2000 ; McKinney, 2001 ; Prinzig et al., 2002; Walther et al., 2002) . Whilst these threats and their economic implications are now well documented for many regions (Vitousek et al., 1996 ; Pimentel et al., 2000) , their sheer pervasiveness is less well appreciated . The Antarctic region includes only small, isolated landmasses -either true islands or fragments of ice-free ground isolated by ice (habitat islands, sensu Bergstrom & Selkirk, 1997) . Following convention (see Smith, 1984; Longton, 1988) , in this review we consider the ' Antarctic ' to include the main continental landmass, the Antarctic Peninsula and associated archipelagoes (South Shetland, South Orkney, South Sandwich Islands) and a ring of ' sub-Antarctic ' oceanic islands surrounding the continent at relatively high latitude in the Southern Ocean (Fig. 1 , Appendix 1). Three biogeographical zones are recognized -referred to as the continental, maritime and sub-Antarctic. The sub-Antarctic includes islands close to (north or south) the oceanic Polar Frontal Zone, where cold Antarctic waters sink below a warmer surface layer. North of these lie further groups (e.g. the Falkland Islands, Gough Island, Amsterdam Island, New Zealand shelf islands) which some authors have included within the sub-Antarctic. However, they are better termed cold temperate, being distinguished by the presence of woody vegetation, and do not form a key component of this review. Where appropriate, examples are drawn from studies of their biology.
Despite Antarctica's isolation, invasions have taken place, some with profound impacts on indigenous biota. Indeed, invasions are widely recognized to constitute a serious risk to the Antarctic region (Pugh, 1994 ; Dingwall, 1995; Smith, 1996; Chown et al., 2001; Greenslade, 2002) , while rapid climate change in the region, and increases in human activity will increase their number, extent and significance (Greenslade, 1987; Frenot, Gloaguen & Tréhen, 1997; Chown, Gremmen & Gaston, 1998 b ; Bergstrom & Chown, 1999 Convey, 2001 b) .
These threats are serious, as the ice-free areas of Antarctica support a large proportion of the world's seabird species (Chown, Gaston & Williams, 1998 a ; Woehler et al., 2001 ; Kooyman, 2002) , and their biotas, though species poor (Gressitt, 1970 ; Chown et al., 1998b ; Vernon, Vannier & Tréhen, 1998 ; Convey, 2001a) , include a high proportion of endemic taxa (lichens -Øvstedal & Smith, 2001 ; liverworts -Bednarek-Ochyra et al., 2000 ; flowering plants - Greene & Walton, 1975 ; mites -Pugh, 1993 ; springtails -Greenslade, 1995 ; insects -Gressitt, 1970 ; Chown, 1990 ; nematodes -Andrássy, 1998) . Human influence has increased rapidly. Excessive commercial exploitation took place in the sub-Antarctic during the late 18th and 19th Centuries, initially through sealing and subsequently in the onshore and offshore whaling industries. Farming development also occurred. Scientific research started to be emphasized during the ' heroic age ' of exploration of the early 20th Century, which also marked the start of human impact on the continent itself. The Discovery Expeditions of the 1930s were followed by the International Geophysical Year (1958) , and the establishment of research stations across the Antarctic over approximately the last 50 years. Finally, a tourist industry has developed over the last some 25 years, and continues to grow.
Management interventions are required that are likely to lower risks to Antarctic communities in the face of increasing human activity and changing climates, and that are sensitive to the likely variations in risk across the broader Antarctic region. Such interventions rely on knowledge of the groups of organisms that have already invaded the Antarctic region and their likely future performance, understanding of their origin and colonization, and assessment of how environmental change and dynamic patterns of human use might expedite further alien colonization and consequent modification of ecosystem functioning. Our goals are to provide this information.
There has been much recent discussion over the terminology applied to invasive ecology (e.g. Davis & Thompson, 2000; Richardson et al., 2000 ; Daehler, 2001) . Taking note of the warning by Daehler (2001) that terminology in this field can be confusing, we have adopted the following definitions based on Greene (1964) , Walton & Smith (1973) and Richardson et al. (2000) , as being appropriate to the current and likely future status of alien species in the Antarctic.
Alien: introduced to an ecosystem as a result of human activity (including species that arrive by natural means to a specific ecosystem but are alien to that biogeographical zone)
Transient alien : survived in small populations for a short time period but either died out naturally or was removed by human intervention Persistent alien : survived, established and reproduced for many years in a restricted locality, but has not expanded range from that location Invasive alien : spread into native communities and displaced native species
The expanded definition of the term alien is to account for Northern Hemisphere species that have been introduced through the process of human migration to Southern Hemisphere locations and subsequently arrived by natural colonization means to Antarctic ecosystems.
II. CURRENT KNOWLEDGE OF ALIEN SPECIES IN SUB-ANTARCTIC AND ANTARCTIC ECOSYSTEMS (1 ) Plants
In the sub-Antarctic two major islands, Pingouins (Crozet archipelago) and McDonald Islands, remain botanically pristine, with no alien plants (Dreux et al., 1988; Jenkin, 1997 ; Y. Frenot, personal observations) . Elsewhere, alien higher plants belong mainly to common, widely distributed, families ( Table 1) that are amongst those considered most invasive at a global scale (Pyšek, 1998) , including Poaceae (39 species), Asteraceae (20), Brassicaceae (8) and Juncaceae (7). Little attention has yet been given to detecting alien nonvascular plant species. Among the 108 alien vascular species currently found in the sub-Antarctic, only Poa annua occurs on all major islands (Table 1) . Cerastium fontanum, Rumex acetosella, Stellaria media, Sagina procumbens and Poa pratensis also have wide distributions. A few species (e.g. Plantago lanceolata, Taraxacum officinale, Agrostis stolonifera, Elymus repens, Table 1 . Species of alien vascular plants on the sub-Antarctic islands, including life cycle classification (a, annual, b, biennial, p, perennial (Frenot et al., 2001) , displacing native species. This species is extremely fecund, with abundant seeds easily dispersed by water runoff, wind, or human boots. On Marion Island, the invasive Sagina procumbens has rapidly expanded its distribution in the last decade (Gremmen & Smith, 1999) . A second invasive, Agrostis stolonifera, dominates various habitats, especially drainage lines, modifying vegetation and associated soil fauna (Gremmen, Chown & Marshall, 1998) . These two species represent the most significant threat to communities, although other patchily distributed invasives are also apparently spreading (e.g. Poa pratensis, Cerastium fontanum, Stellaria media). The only invasive alien widely distributed on South Georgia is Poa annua, although five others (Cerastium fontanum, Rumex acetosella, Taraxacum officinale, Deschampsia caespitosa and Poa pratensis) grow up to at least 1 km from former whaling stations (McIntosh & Walton, 2000) . On Macquarie Island, the three alien species currently present (P. annua, S. media, and C. fontanum) are widespread, but displacement of native communities by these species is, in general, minor.
Most established alien species are long-lived (Table 1) , and about 75% of aliens are perennial. By contrast, about 65% of transient species recorded from Kerguelen and Possession Islands (species cited in the literature but not observed in a detailed survey between 1996 and 2000) are annual or biennial (Frenot et al., 2001) . Colonization or establishment abilities may be better developed in alien perennial species in the sub-Antarctic environment. If so, this reflects the pattern also found generally in indigenous Antarctic biota, with poor representation of short annual/ biennial or temporally determined life cycles (Convey, 1996) .
In comparison with the sub-Antarctic islands, the maritime Antarctic shows much less, and continental Antarctic no evidence, of successful alien introduction. Several studies (Edwards & Greene, 1973 ; Edwards, 1980 ; Smith, 1996) have shown that a range of Falkland Island, South Georgian and Arctic vascular plants can survive maritime Antarctic environmental conditions, some over a period of several years, and that some species can also reproduce successfully. Long-distance dispersal and subsequent establishment appear to be more problematic than survival alone. The only examples of persistent aliens becoming established in either region are Poa pratensis and P. annua, present respectively in small areas at Cierva Point, northern Antarctic Peninsula, and on King George Island (Smith, 1996) . Most known aliens are Diptera, followed by Hemiptera and Coleoptera. The latter group includes some of the few species that have been transferred between Southern Ocean islands. The two most widely distributed alien insects are Psychoda parthenogenetica (Diptera, Psychodidae) and Rhopalosiphum padi (Hemiptera, Aphididae) ( Table 2 ). All aphids found on sub-Antarctic islands are cosmopolitan and have a large range of host plants. Imported vegetable matter, and glasshouses on islands such as Kerguelen Island, might serve as both a source for these species, and a route via which plant viral diseases can be introduced. Greenslade (1987) reported that hydroponic facilities and imported potplants in the Australian Antarctic stations allowed the survival of alien organisms (mites, springtails, enchytraeid worms). Many of the alien invertebrates recorded in Table 2 are known to have been imported amongst general and food stores, although very few records appear to have been formally published.
The presence of alien earthworms is well documented for some islands (e.g. Possession, Kerguelen and Macquarie), but the group has not been well surveyed elsewhere. Among these, Dendrodrilus rubidus tenuis is present on most of the sub-Antarctic islands (Table 2) . On Kerguelen, this species is invasive, even being an early coloniser of glacier forelands in the west of the archipelago. Bouché (1982) suggested it was probably introduced by sealers and whalers when they came ashore to fill water barrels. By contrast, on Possesion Island, this species is persistent, being restricted to the station area, and has spread slowly (Frenot, 1985) . Little is known about the three species of alien terrestrial slugs present in the subAntarctic, except that they are rare on Kerguelen Islands and more abundant on Macquarie and Marion Islands.
Among the non-marine Crustacea, one alien is established on Marion Island, where its effect on local ecosystems is poorly understood. By comparison with studies on Gough Island, where it is invasive , Slabber & Chown (2002) suggested that, if allowed to spread on Marion Island, it would substantially alter nutrient cycling by reducing the bottleneck currently imposed by lepidopteran larvae and earthworms (Smith & Steenkamp, 1992a, b) . Pugh, Dartnall & McInnes (2002 ;  Comprehensive monographs of the Antarctic Acari exist, largely based on the literature (e.g. Pugh, 1993) . Subsequent surveys of poorly sampled islands (e.g. Marion, Heard) have revealed many additional taxa including possible introductions, making generalizations premature. Nonetheless, the majority of species introduced to the region are likely to have been associated with the import of live vegetation, litter or soil (Pugh, 1994) . A new monograph of the spiders of the Southern Ocean islands (Pugh, 2004) lists 14 records of anthropogenic introduction, with none apparently becoming established in Antarctic locations.
The alien component of the springtail fauna varies considerably between islands. On Heard Island there are none, increasing to 10 % on South Georgia, >15% on Macquarie, 17 % on Kerguelen, 21 % on Crozet and 38% on Marion. Several of these species are widespread invasives, especially those in the genus Hypogastrura (Table 2) . Wise (1971) and Greenslade (1995) also reported the invasive springtail Hypogastrura viatica from the maritime Antarctic South Shetland Islands (approximately 63x S) and Léonie Island (approximately 68x S), respectively and Greenslade & Wise (1984) identified Folsomia candida and Protaphorura sp. on Deception Island. Pugh (1994) lists Acari thought to have been introduced to maritime and continental Antarctic sites. However, the only invertebrates known to have successfully established in the maritime Antarctic (Signy Island) following accidental introduction are a chironomid midge (Eretmoptera murphyi) and an enchytraeid worm (Christensenidrilus blocki), both linked with transplant experiments (Block, Burn & Richard, 1984 ; Dózsa-Farkas & Convey, 1997) . At Casey station, in the eastern continental Antarctic, a parthenogenetic Lycoriella sp. (Diptera, Sciaridae), initially imported with fresh vegetables, has been established for at least four years within the plumbing associated with the station sewage system (Anon., 2002) .
Invasive alien invertebrates can have considerable impacts on native fauna. Ernsting et al. (1995 Ernsting et al. ( , 1999 showed that the introduced predatory carabid beetle Trechisibus antarcticus is both spreading in the Husvik area of South Georgia, and having direct and indirect effects on the indigenous perimylopid beetle Hydromedion sparsutum, including an increase in body size and decline in abundance. On Kerguelen, Oopterus soledadinus is having similar effects on indigenous prey species, whilst the fly Calliphora vicina is linked with a decline in the abundance of an indigenous dipteran competitor, Anatalanta aptera (Chevrier, Vernon & Frenot, 1997) . On Marion Island, the midge Limnophyes minimus may contribute substantially to nutrient turnover owing to the very high densities at which it occurs. Indeed, Hänel & Chown (1998) argued that nutrient turnover by this species might rival that of the indigenous Pringleophaga marioni (Lepidoptera, Tineidae), the larvae of which make a key contribution to nutrient release. Several other species have potentially major effects on either their host plants or on the wider local ecosystem, but such effects have not yet been investigated.
Within the insects, the higher taxonomic pattern of invasion is highly non-random, with no Hymenoptera, and few Coleoptera and Lepidoptera represented. This taxonomic bias may reflect a preponderance of introductions with livestock feed and in water barrels (Convey & Block, 1996 ; Chown et al., 1998 b) , rather than with cultivated plants. Finally, although most insect introductions have been accidental, some have been deliberately planned as part of conservation management. For example European rabbit fleas (and myxomatosis) have been introduced to Macquarie (Copson & Whinam, 2001 ) and Kerguelen Islands (Chapuis, Chantal & Bijlenga, 1994 b ; Chekchak et al., 2000) for biological control of rabbits.
(3 ) Vertebrates
Antarctica has no native fish, amphibians or reptiles. Several salmonid fish have been introduced to Kerguelen and Crozet Islands (Davaine & Beall, 1997) (Table 3 ), although their current status is poorly known. Little is known about their effects on these sub-Antarctic freshwater ecosystems, although these have probably been substantial on Marion Island (Cooper, Crafford & Hecht, 1992) , where the brown trout was introduced and is now extinct.
Few alien birds have established successfully on sub-Antarctic islands and none to the continent. Palearctic mallard (Anas platyrhynchos) (first record in 1950s), redpoll (Carduelis flammea) (1912) and starling (Sturnus vulgaris) (1930) are present on Macquarie Island. These belong to families with the highest success of introduction globally (Lockwood, 1999) . Starlings have probably colonized on several separate occasions, without human assistance, following their introduction to New Zealand and Australia (Falla, Sibson & Turbott, 1978 ; Turbott, 1990 ; Copson & Whinam, 2001 ). The line between regular vagrancy and establishment is vague, and the sub-Antarctic islands (and more southerly locations) record vagrant species on a regular basis (e.g. Burger, Williams & Sinclair, 1980; Berruti & Schramm, 1981 ; Gartshore, 1987; Gauthier-Clerc, Jiguet & Lambert, 2002) . Burger et al. (1980) estimated that, over the past 10 000 years, at least 80 000 birds might have reached Prince Edward Islands, attributing the failure to establish to low resource availability, severe climate, and high predation of vagrants by sub-Antarctic skuas. Little is known about the biology and impact of alien birds on the sub-Antarctic islands.
By contrast, alien mammals of the sub-Antarctic are well studied, largely through the considerable impacts they have had or are having on indigenous systems (Bonner, 1984; Leader-Williams, 1988 ; Chapuis, Boussès & Barnaud, 1994 a; Bester et al., 2002) , naturally devoid of mammalian herbivores or carnivores. Some persistent or invasive mammals have been removed in conservation actions, though these actions themselves have further impacts (Micol & Jouventin, 1995 ; Myers et al., 2000; Bester et al., 2002; Courchamp et al., 2003) . Further eradication programmes are under consideration (the removal of reindeer from South Georgia) or trial (rat eradication on some offshore islets of South Georgia). These activities are incorporated in management plans developed for several sub-Antarctic islands (Anon., 1994 (Anon., , 1996 McIntosh & Walton, 2000) . Table 2 . Species of alien terrestrial invertebrate recorded on the sub-Antarctic islands in the published literature. Notes : xx, invasive alien ; x, persistent alien ; (1) restricted to buildings. Data sourced from : Bouché (1982) ; Chown et al. (1998b) ; Chown & Avenant (1992) ; Colless (1962 Colless ( , 1970 ; Convey et al. (1999) ; Crafford (1986) ; Crafford & Chown (1990) ; Crafford et al. (1986) ; Dahl (1970a ; Darlington (1970) ; Davies (1973) ; Deharveng (1981) ; Deharveng & Travé (1981) ; Dreux (1965 Dreux ( , 1972 ; Duckhouse (1970) ; Ernsting et al. (1995 Ernsting et al. ( , 1999 Frenot (1992) ; Gabriel et al. (2001) ; Greenslade (1986 Greenslade ( , 1987 Greenslade ( , 1990 ) ; Greenslade (personal communication) ; Gressitt (1961 Gressitt ( , 1970 Gressitt ( , 1971 ; Hardy (1962) ; Holdhaus (1931) ; Hullé et al. (2003) ; Jeannel (1940) ; Ledoux (1991) ; Lee (1968) ; Marshall et al. (1999) ; Marshall & Chown (2002) ; McQuillan & Marker (1984) ; Pugh (1993 Pugh ( , 1994 ; Pugh et al. (2002) ; Quate (1962) ; Séguy (1940 Séguy ( , 1971 ; Slabber & Chown (2002) ; Travé (1987) ; Tréhen & Voisin (1984) ; Usher (1984) ; Vernon & Voisin (1990) ; Vogel (1985) ; Vogel & Nicolai (1983) ; Vogel & Plassmann (1985) ; Watson (1967) Eight invasive mammals, several deliberately introduced, are present on islands in the region (Table 3 ). The house mouse (Mus musculus, sensu lato) is the most widespread, occurring on five islands, while the mouflon (Ovis gmelini) is restricted to Kerguelen, the island group with the highest number of alien species (7). Cats have had the greatest impacts, being responsible for drastic reductions in some seabird populations and local extinctions of several species (Pascal, 1980 ; van Aarde, 1980 ; Bonner, 1984; Brothers, 1984) . At Kerguelen, Pascal (1980) estimated that cats killed 1.2-1.3 million birds per year. The population of cats on the main island is currently estimated at about 7000 individuals (Say, Gaillard & Pontier, 2002) . Estimates of the effects of cat predation on Marion Island in the 1970s-1980s were equally Biological invasions in the Antarctic dramatic but, by 1991, the population had been eliminated by an eradication programme utilizing a combination of feline panleucopaenia, trapping, hunting and poisoning (Bester et al., 2002) . Control of feral cats on Macquarie Island commenced in 1985, eventually leading to eradication (Scott, 1996) , and there have been no sightings or evidence of cats since June 2000 (G. Copson, pers. comm.) . Both rats and mice are also significant predators. Ship rats (Rattus rattus) are present (probably introduced by sealers and whalers) on Kerguelen, Possession and Macquarie Islands (Cumpston, 1968 ; Chapuis et al., 1994a ; Pye, Swain & Seppelt, 1999) , and have drastically reduced the number of petrel species on Possession (8 species cf. 17 species on neighbouring Est Island where rats are absent) ( Jouventin et al., 1984) . On both Macquarie and Possession Islands, rats are common in tall tussock grassland (Copson & Whinam, 2001) where they impact the reproductive dynamics of the megaherbs Pleurophyllum hookeri (Shaw, Bergstrom & Hovenden, in press) and Pringlea antiscorbutica (Y. Frenot, personal observations), respectively. Brown rats (Rattus norvegicus), invasive on South Georgia, have had a deleterious effect on the endemic South Georgia pipit (the only passerine resident in the Antarctic), now virtually absent from all areas of the island colonised by rats. Healthy pipit populations remain only in rat-free areas, largely on smaller offshore islets (Pye & Bonner, 1980 ). This rat utilises several different sources of food through the year, including plant material (tussock grass), invertebrates (largely the endemic perimylopid beetles) and vertebrates (birds and carrion) (Pye & Bonner, 1980) . The risk of further rodent introductions through shipping operations is ever-present.
The impacts of house mice on sub-Antarctic plants and invertebrates are well documented (Gleeson & van Rensburg, 1982 ; Copson, 1986; Chown & Smith, 1993 ; Le Roux et al., 2002 ; Smith, Avenant & Chown, 2002) , including direct reductions in population sizes and effects on the life-history traits (Crafford & Scholtz, 1987 ; Chown & Smith, 1993 ; Le Roux et al., 2002) . Huyser, Ryan & Cooper (2000) suggested that, on Marion Island, house mice indirectly affect lesser sheathbills (Chionis minor) by reducing the numbers of invertebrates available to them (their major prey during winter). On the nearby, mouse-free, Prince Edward Island sheathbill numbers have remained unchanged between 1977 and 1997, whereas there has been an almost 20 % decline in abundance at Marion Island (Huyser et al., 2000) .
Amongst the herbivores, reindeer and rabbits have had major impacts on the vegetation of the sub-Antarctic islands. Ten reindeer from Sweden were introduced to Kerguelen in 1955 (Lesel, 1967) , becoming established on the mainland, and had increased to a population of c. 2000 individuals by 1972 (Pascal, 1982) , since when numbers have remained fairly stable ( J.-L. Chapuis, personal communication). The consequences of three separate introductions of reindeer to South Georgia in the early 20th century have been documented in greater detail (Leader-Williams, Smith & Rothery, 1987; Leader-Williams, 1988 ; LeaderWilliams, Walton & Prince, 1989) . With no predators, populations are regulated by resource availability (as with mouflon on Kerguelen ; Chapuis et al., 1994a) , and are particularly vulnerable to starvation during winters with heavy snowfall, which may lead to the death of 60 % or more of individuals (Réale, 1996) . Of the three introductions, one population has become extinct and two remain, with their geographical ranges limited by their inability to cross large tidewater glaciers. With most glaciers on South 
54 Georgia in rapid retreat, this limitation is likely to be relaxed. Population densities are much greater than those found in their natural northern range, and these reindeer have considerably modified or totally destroyed native vegetation, both directly through trampling and grazing, and indirectly, through encouraging the dispersal and establishment of the more resilient invasive grass, Poa annua. By causing the spread of this indigestible species, reindeer are also indirectly affecting the body size of the indigenous herbivorous permimylopid beetles (Chown & Block, 1997) . Rabbits have also caused major changes to indigenous biota. On the eastern Kerguelen, they have eliminated most of the native plant species, leaving Acaena magellanica to become dominant in nearly monospecific communities (Chapuis et al., 1994 a) . They also have direct impacts on the avifauna, especially Procellaridae, through their burrowing activity. However, their main impact is indirect : rabbits form the main prey of cats in winter, whose survival rate is thereby improved and hence their impact on bird populations is greater during the following summer (Chapuis et al., 1994a ; Courchamp, Langlais & Sugihara, 1999) . To rehabilitate islands degraded by rabbits, a program of eradication by poisoning has been implemented since 1992 on three islands of the Kerguelen archipelago, each 145 to 165 ha (Chapuis et al., 2001) . Subsequent changes in plant, invertebrate and bird communities are currently being assessed (Chapuis, Frenot & Lebouvier, 2004) . Rabbits introduced to Macquarie Island have had similar major effects on vegetation (Copson & Whinam, 1998) . Here, control using the myxoma virus (Myxomatosis cuniculi) with the European rabbit flea (Spilopsyllus cuniculi) as a vector began in 1978 (Brothers et al., 1982) , when the rabbit population was estimated at 150 000 (Copson, Brothers & Skira, 1981) . Again, a secondary consequence of rabbit control was to increase feral cat predation on burrow-nesting seabirds and other species leading, inter alia, to eradication from the island of the alien weka (Gallirallus australis) (Brothers & Skira, 1984 ; Copson & Whinam, 2001) . By 2002, the rabbit population had decreased to 14 000-16 000 (G. R. Copson, personal communication) . A further indirect impact of this control programme was a decline in sub-Antarctic skua breeding sites inland (54 %), whereas those in coastal areas increased (17%), suggesting that skua numbers had increased after the introduction of rabbits due the additional prey availability (Copson & Whinam, 2001 ).
(4 ) Microbial groups and diseases
The classically described algal flora appears to contain a large cosmopolitan element (Broady, 1996) , and introductions associated with human activity have been recorded (Broady & Smith, 1994) . Kashyap & Shukla (2001) briefly describe the detection of six species of algae in soil attached to vegetables taken to the Schirmacher Oasis with the 15th Indian Antarctic expedition, one of which, Phormidium uncinatum, was not found amongst the indigenous flora of the local lakes.
Otherwise, very little is known about either levels of endemicity in the various microbial groups present in Antarctica, or of the presence or population trends of alien species (see Wynn-Williams, 1996a) . Assessments of microbial diversity, using either classical or molecular techniques, are complicated by the paucity of detailed Antarctic studies, and/or the lack of comparable data from elsewhere. Thus, while it appears that the Antarctic prokaryote (Franzmann, 1996) and eukaryote microbial floras may be distinct (B. Lawley and collaborators, unpublished data) this may simply result from the lack of non-Antarctic sequence data.
The dangers of importation of microorganisms into the Antarctic, and movement of these organisms between different parts of the continent, have been recognized (Smith, 1996 ; Wynn-Williams, 1996 b) , but there have been few attempts to quantify or minimise the risk or assess the impact on native microbial floras. One specific exception to this generalisation relates to operations to drill into the subglacial Lake Vostok, where the danger of inadvertent introduction of microbes to an otherwise pristine environment is clear (Gavaghan, 2002) . On land, Wynn-Williams (1996 b) described the release and subsequent discovery of spores of a Penicillium species at Mt. Howe, and the presence of human pathogens in soil close to McMurdo station. Fungal species recently isolated from huts at historic sites on Ross Island (Cape Evans, Cape Royds, Discovery Point and Cape Crozier) are presumed to originate either with the early explorers or with more recent scientific or tourist visitors to the sites (Minasaki et al., 2001) . Likewise, there are several documented introductions to the sub-Antarctic. Kloppers & Smith (1998) suggested that Botryotinia fuckeliana (conidial state : Botrytis cinerea), the cause of grey mould rot in vegetables and now infecting entire stands of Pringlea antiscorbutica on Marion Island, was probably transferred to the island on fresh vegetables (no longer brought ashore).
Azmi & Seppelt (1998) reported a total of 35 taxa of fungi from the Windmill Islands, of which 12 were restricted to soils in the vicinity of Casey Station, suggesting their introduction was associated with human activities. Similarly, Kerry (1990) reported 20 fungal taxa from the Vestfold Hills and MacRobertson Land, of which 10 were most common in sites affected by human activities, and were interpreted as human introductions. A toadstool was found growing in the ruins of Atlas Cove station (Heard Island) and removed (Smith, 1986) . Glasshouses, hydroponic rooms and other artificial means to grow vegetables may also be avenues for the propagation of alien fungi.
Not all plant pathogens known from the sub-Antarctic are human introductions. The recently identified Stilbocarpa Bacilliform Mosaic Virus (SBMV), a badnavirus causing bright yellow mosaic symptoms on leaves of the megaherb Stilbocarpa polaris (Skotnicki et al., 2003) , is only known to infect S. polaris and is recorded only from Macquarie Island, where it is widespread. Badnaviruses are most often found associated with tropical and subtropical plants and are usually transmitted between plants by sucking insects. On Macquarie Island, it is likely that occasional transfer between plants could now be undertaken by aphids, although the natural vector is unknown.
Human activity in Antarctica has been identified as a potential source of disease in wildlife, either by translocating pathogens or acting as a source of stress, leading to a reduction of immunity and creating the opportunity for expression of dormant diseases (Kerry, Riddle & Clarke, 1999) . A clear link between Antarctic wildlife disease and human activity has yet to be documented. There is, however, substantial evidence of exposure to disease-causing agents. For example, avian paramyxoviruses (APMV) and antibodies to Newcastle Disease (NDV) have been found in Macquarie Island royal penguins (Eudyptes chrysolophus) (Morgan & Westbury, 1981) . APMVs, NDV antibodies and five species of Salmonella have been isolated from Adélie penguins (Pygoscelis adeliae) (Oekle & Steiniger, 1973; Morgan et al., 1978) , and Salmonella enteritidis phage type 4, the most common clinical isolate in affluent countries (Olsen et al., 1996) , has been isolated from a gentoo penguin (Pygoscelis papua) at Bird Island, South Georgia. On Crozet Islands, antibodies to Lyme disease have been found in king penguins (Aptenodytes patagonicus), and the Lyme Disease spirochete, Borrelia burgdorferi, has been found in the cosmopolitan tick Ixodes uriae (Gauthier-Clerc et al., 1999). Substantial reviews of disease in penguins and other Antarctic wildlife are presented by Clarke & Kerry (1993) and Kerry et al. (1999) . However, it should also be recognized that many Antarctic bird species come into contact with humans well outside the Antarctic region, especially during the winter months. For instance, brown skuas (Catharacta lonnbergi) and Dominican gulls (Larus dominicanus) migrate to the nearest continent (South America, Australia), often foraging around ports and human waste dumps, while wintering south polar skuas (Catharacta maccormicki) are regularly observed in the northern Pacific Ocean.
Human microorganisms discharged within raw sewage from Antarctica's largest station, the U.S. McMurdo Station (around 1000 summer inhabitants) have been located in the surrounding marine environment and sea-ice (Edwards, McFeters & Venkatesan, 1998 ; Smith & McFeters, 1999) . The latter authors traced the distribution of Clostridium perfringens, an indicator bacterial species of human faecal contamination, to just beyond 400 m from the station's sewage outfall, noting that the concentration of bacteria decreased with sediment depth and distance from the outfall. This bacteria was also found in the intestines of sea urchins, tunicates, clams and starfish within the 400 m zone. Similarly, Hughes (2003a, b) quantified dispersal and survival of sewage-derived faecal coliforms near the U.K. Rothera Station (Adelaide Island). Enteric bacteria [the pathogenic Yersina enteroclitica, Salmonella typhimurium, enterotoxigenic Escherichia coli and conjugative/antibiotic resistance plasmid-harbouring (pUC19, pFamp) bacteria] grown in chilled McMurdo sea water can survive significantly longer than in temperate environments (Smith, Howington & McFeters, 1994) . Smith & McFeters (1999) concluded that these results ' indicate the potential for transfer of virulence, and/or antibiotic resistance genes from pathogenic microorganisms which may be present in untreated sewage, to indigenous microbiota with unknown effects on susceptible wildlife' and applied the term ' genetic pollution ' (the introduction of new genetic material to an environment as a result of anthropogenic activities) to this situation. While sewage discharges are permitted under the Antarctic Treaty, there are relatively simple engineering means by which to minimize release of such microorganisms (Hughes & Blenkharn, 2003) .
( 5) Marine introductions
The potential for introduction of alien marine taxa to the Antarctic region is largely unstudied. The green alga Enteromorpha intestinalis grows in dense mats in the intertidal zone at Half Moon Island (62x 37k W 59x 57k S), and may have been introduced via the hulls of visiting vessels (Clayton, Wiencke & Klöser 1997). A single recent study (Lewis et al., 2003) investigated the potential for transport of marine organisms between Tasmania, Macquarie Island and the Antarctic continent by ships used to support Antarctic science and tourism. The study identified three pathways enabling the transport of (i) planktonic organisms from the Southern Ocean and Tasmanian waters, (ii) epibenthic organisms from Tasmania, and (iii) fouling assemblages. Finally, the potential exists for transfer of organisms on anthropogenic marine debris (Barnes, 2002; Barnes & Fraser, 2003) , with many sites in the sub-and maritime Antarctic accumulating substantial quantities of marine debris annually (Ryan, 1987 ; Gregory & Ryan, 1997 , Convey, Barnes & Morton, 2002 .
( 6) Concluding remarks on status and patterns
The number of species introduced to an area is much greater than those that eventually establish, while only 10 % of the latter then become ' invasive ' (Williamson, 1996 ; Williamson & Fitter, 1996) . Most alien plants in the Antarctic are currently persistent, with only a few species highly invasive and causing significant change to the ecosystems (Table 1) , although the impact of these few species can be large. The same generalization holds for alien invertebrates, with a few insect species again having pronounced effects on local ecosystems (Table 2 ). Most vertebrates (Table 3 ) are invasive and have had substantial impacts although, in part, this difference may be explained by some being selective and deliberate introductions. Despite the technical difficulties in detection and previous lack of research effort there is already evidence of introduction of microorganisms to the region. However, a clear link between humans and disease in wildlife has yet to be established.
Aliens can have pronounced indirect effects on local species and ecosystems (e.g. Bergstrom & Chown, 1999 ; Courchamp et al., 1999; Crooks & Soulé, 1999) , which need to be considered carefully prior to any management actions. The massive, and often unpredictable, indirect effects of control programmes have now been widely documented in other regions (see Zavaleta, Hobbs & Mooney, 2001) , and there is every reason to expect them to be important in the broader Antarctic region too.
III. ORIGINS AND CORRELATES OF INVASION ( 1) Origins
Most alien plants introduced to the sub-Antarctic are European and usually show a large ecological range. Many alien invertebrates (e.g. the springtail Hypogastrura viatica, the fly Fannia canicularis, the isopod Porcellio scaber, the slug Deroceras panormitanum (=caruanae) and the earthworm Dendrilus rubidus) and birds (e.g. mallard, redpoll, starling) are also of European origin, although now cosmopolitan. This is partly because colonization by humans in the Antarctic was largely from Europe (Headland, 1989) . European species, however, are also very successful invaders of other temperate areas (e.g. Pyšek, 1998 ; Prinzig et al., 2002) . di Castri (1989) has ascribed this to the long association of European species with human disturbance, and Prinzig et al. (2002) also emphasise the importance of disturbance in allowing European species to colonize sites in Argentina. The absence of significant numbers of Southern-Hemisphere-origin introduced species in the Antarctic may also be a consequence of loading supplies from either the Northern Hemisphere, or from disturbed Southern Hemisphere sites (farms, ports, holding areas in cities), where both the abundance and diversity of European invasives is high (Slabber & Chown, 2002) .
Exceptions to the pattern of introductions from Europe do exist, including the plants Empetrum rubrum and Pratia repens to South Georgia. Among the carabid beetles native to the Falkland Islands (Smith, 1996 ; McIntosh & Walton, 2000) , Trechisibus antarcticus was probably transferred to South Georgia, and Oopterus soledadinus to Kerguelen Islands and South Georgia (Tréhen & Voisin, 1984 ; Ernsting, 1993) . On the site of the beetle's introduction to Kerguelen Islands, Trisetum spicatum, a bipolar plant species also growing in the Falkland Islands (Moore, 1968) was recently recorded. The plant was probably introduced at this site with sheep imported from the Falkland Islands in 1907 (Frenot et al., 2001) .
Separating indigenous species from Southern Hemisphere regional introductions may be problematic. For example, the winged chironomid midge, Parochlus steinenii, is found on South Georgia and the South Shetland archipelago and is widely distributed in southern South America. Although regarded as being indigenous, it is plausible that the species might have been introduced in water barrels of whaling and sealing ships (Convey & Block, 1996) . The diving beetle Lancetes angusticollis is also found on South Georgia and in South America. This species has well-developed wings and flight musculature but has not been observed in flight or away from water on South Georgia, suggesting that it might also have been transferred in water containers.
(2 ) Correlates
Quantitative investigation of the correlates of invasion has been limited to the Southern Ocean islands. Earlier investigations suggested that parthenogenesis is a characteristic of many of the successful invaders (Crafford, Scholtz & Chown, 1986) . Later, Chown et al. (1998b) investigated the relationships between several abiotic and biotic variables and the richness of alien vascular plants, insects, birds and mammals for all of the Southern Ocean islands. For vascular plants, larger islands have more aliens because of both elevated habitat heterogeneity and higher numbers of human occupants. However, cold islands are less susceptible to invasions than warm ones. For insects a similar relationship holds, although indigenous vascular plant richness is also an important correlate of the richness of alien insects. The level of human occupancy and the temperature of an island are important correlates of the species richness of alien mammals. For birds, distance to the nearest continent and indigenous plant and insect species richness were the most important explanatory variables, especially given that many of these mostly passerine species were self-introduced. A subsequent re-analysis of these data incorporating the effects of spatial autocorrelation supported most of these conclusions, excepting the influence of distance on alien bird establishment (Selmi & Boulinier, 2001) .
The association between levels of human occupancy and numbers of alien species clearly reflects propagule pressure (see Williamson, 1996) associated with more frequent and/ or larger visits by resupply vessels. For instance, between 1675 and 1956 approximately 51 landings were made at Gough Island (South Atlantic) , and an invertebrate survey in 1955/6 revealed 25 alien insect species (Holdgate et al., 1956) . Between 1957 and 2000 (following the construction of a permanent scientific station in 1955/56) approximately 182 landings were made, and a further 43 species were introduced. Much colonization occurred during the construction and maintenance of the scientific station, associated with sand, wood and other imported material. Major infrastructure programmes at research stations on sub-Antarctic islands are likely to carry a particularly high risk of alien introduction owing to the enforced use of large amounts of imported materials.
Using springtail abundance and distributions on Marion Island, Gabriel et al. (2001) tested the hypothesis that temperature is an important correlate of alien species richness (Chown et al., 1998b) . They demonstrated that alien species prefer warmer, moister and more nutrient-enriched sites, while indigenous species tended to prefer cooler, drier sites, and suggested that interactions between alien and indigenous species were less important than climate in determining the distribution and abundance of the former. In a study relating the occurrence of the cosmopolitan necrophagous fly, Calliphora vicina, with available meteorological data at Kerguelen Islands, Y. Frenot, P. Saccone and P. Vernon (unpublished data) have found that establishment was possible only after the early 1980s and that its continued absence in West Kerguelen is explained by the current climatic conditions there. These findings support studies suggesting that climate matching, or the ability to adapt quickly to local climates (Lee, 2002) , are important determinants of invasion success (e.g. Lodge, 1993 ; Pyšek, 1998 ; Blackburn & Duncan, 2001) , with biotic resistance being less significant (but see Mack, 1996; Williamson, 1996 ; Tilman, 1999 for contrary views).
Low species richness and the absence of many functional groups might make islands, and the island-like exposed land of Antarctica, more susceptible to alien invasion (Bergstrom & Chown, 1999 ; Chown, Gaston & Gremmen, 2000) . Islands are generally considered to be more susceptible to invasion than other terrestrial systems, mainly because indigenous species lack mechanisms to buffer themselves against associated change (D'Antonio & Dudley, 1995; Vermeij, 1996; Williamson, 1996; Bowen & Van Vuren, 1997) . Lonsdale (1999) demonstrated that, at least for plants, once area is accounted for, islands tend to support more aliens than do continents. In the Antarctic, for example, the absence of terrestrial mammalian predators could be responsible for a higher susceptibility of native fauna to the introduction of carnivorous species.
Many ecophysiological studies demonstrate that a wide range of terrestrial organisms can survive in the extreme conditions of the maritime and continental Antarctic (Convey, 1996) . Rather, long-distance dispersal limits their range expansion (Pugh, 1994 ; Pugh et al., 2002) . Although a major problem, this limit is not insurmountable. Aerobiological studies (Marshall, 1996) have demonstrated low-frequency input of airspora from lower latitudes to the region. Studies of the biota of geothermally heated ground at various locations in Antarctica (the South Sandwich Islands, Deception Island and Victoria Land) have found natural colonization by a range of sub-Antarctic and lower latitude bryophyte and arthropod taxa (Convey, Greenslade & Pugh, 2000a ; Convey et al., 2000b ; Skotnicki et al., 2001) . Some of these taxa are found only in the close vicinity of areas of heated ground that are transient on a timescale of decades. Repeated surveys indicate both that some taxa persist in the locality and that new species are recorded. It is likely that local colonization of new areas of heated ground and repeated long-distance colonization events are both involved. Other taxa, however, have expanded distributions away from the likely initial colonization site and can clearly survive the ambient conditions. These findings suggest that it is not only climate, but also opportunity for dispersal that keep the numbers of alien plant and invertebrate species low in the broader Antarctic region.
IV. CHANGING PATTERNS OF USE
The overriding influences on levels of introduction of alien biota are human patterns of use and climate matching. Changes in these variables are likely to have the largest impacts on the likelihood of further establishment and impact of alien species in the Antarctic (Chown & Language, 1994 ; . Changes in both climate and patterns of human use are taking place rapidly, although somewhat differently, throughout the region.
( 1) Tourism Tourism began in Antarctica in 1956 with a Chilean flight over the continent. This was soon followed by cruises to the South Shetland Islands (1957) , and commercial tours (1958) (Stonehouse, 1994) . There has since been an initially erratic but later rapid increase in tourism and, in the last decade, tourist numbers have doubled (Fig. 2) . Tourism is overwhelmingly based around the Scotia Arc and Antarctic Peninsula, due to their easy accessibility from southern South America. In the 2001/02 austral summer season 96 % of the approximately 13 600 tourists who visited Antarctica were active in this region. The majority departed by small ship from Ushuaia, Argentina, or Punta Arenas, Chile, and participated in multi-site tours, generally island-hopping between the Falkland Islands, South Georgia, the Scotia Arc islands and locations on the Antarctic Peninsula (IAATO, 2002) . The sequence of sites visited over a short time period (2-4 weeks) is often from warmer, higher biodiversity areas to cooler, lower biodiversity areas. Examining trends over 10 years (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , Navareen et al. (2001) reported that the majority of landings were in the South Shetland Islands (43%) followed by north-western areas of the Peninsula. In the 2001/02 summer landings occurred at 118 sites with a maximum of nearly 7000 people visiting Whalers Bay, Deception Island. Recently, there appear to be trends towards larger rather than smaller tours and the use of larger ships (Moser & Betts, 2002) .
The remaining tourism in the Antarctic region is based around the New Zealand cold temperate islands, Macquarie Island and the Ross Sea sector (see Heritage Expeditions, 2002) . In the 2001/02 season, visits occurred at 23 sites in this sector, including approximately 300 people landing sequentially on Campbell, Auckland and Macquarie Islands, during expeditions leaving from southern New Zealand or southern Australia. A small number of operators offer longer tours, combining visits to the Ross Sea sector and Antarctic Peninsula.
In 2001/02 most tourists were from seven countries: United States of America (41%), United Kingdom (13 %), Germany (12 %), Australia (7 %), Japan (5 %), Canada (3 %) and Switzerland (2 %). All have cold temperate, alpine or tundra environments supporting taxa that, if transported on human vectors, could establish in some areas of the Antarctic. Furthermore, Antarctic ecotourists are well travelled ( J. Whinam, D. Bergstrom & N. Chilcott, unpublished data), commonly visiting other high-latitude or highaltitude regions within six months before departing for Antarctica.
Four trends in tourism patterns are of significance to the potential for the introduction and spread of alien organisms to and in the Antarctic region :
(1) Tourists are disproportionately attracted to sites of high/medium diversity (Navareen et al., 2001 ) (high diversity o10 faunal species or major floral groups, medium diversity 5-9 faunal species or major floral groups). Of 85 sites visited during 1998/99, only 23.5% were high to medium diversity. These sites, however, received approximately 50% of vessels and visitors. Because numbers of alien and indigenous species tend to be strongly related across sites both in the sub-Antarctic and elsewhere (Chown et al., 1998b ; Sax, Gaines & Brown, 2002) impacts of aliens are likely to be more pronounced on high-diversity sites. Indeed, sites where the two species of native vascular plants occur on the Antarctic Peninsula (see Smith, 1994 ) are likely to be those most at risk of introductions.
(2) The intensity of visitor use is increasing. Reviewing data from 165 sites in the Antarctic Peninsula region, Navareen et al. (2001) reported increases of 425 % in inflatable boat landings between 1989/90 and 1998/99, and 321 % in the total number of people participating in these landings (from 17 759 to 74 772). Greater numbers of ships and tourists lead to greater chances of introductions.
(3) Sites of high popularity are not consistent over time. The 25 most visited sites in the Antarctic Peninsula region have changed over the last 10 years (Navareen et al., 2001) , meaning that the potential for human impact is not contained to a number of specific sites but varies as tourist trends/fashions change.
(4) The range of tourist activities is expanding. The standard pattern of visits during the 1980s and early 1990s was simply to land on beaches and observe immediately accessible wildlife, but options now include extensive walks, kayaking trips and even a marathon on King George Island Table 4 lists the main ports of origin used by national scientific programs and other operators. As many of the national programs are run by European and Asian countries, and the USA, large numbers of ships inevitably travel from the Northern Hemisphere, with some working consecutive Antarctic/Arctic summers to take advantage of ice-strengthened or ice-breaking capabilities. Many ships used in tourist operations also work at high northern latitudes during the austral winter, in particular the icebreakers and larger liners.
(3 ) The specific case of South Georgia
While the number of tourist visitors and landings made along the Antarctic Peninsula has increased dramatically over the last decade, thereby increasing the risk of transfer of aliens into this region, there is a strong case that parts of the sub-Antarctic remain the most vulnerable. This is, first, because existing patterns of alien occurrence in the sub-and maritime Antarctic highlight the ease with which the former may be colonized and, second, at least some islands in the sub-Antarctic have experienced a comparable surge in visitor numbers to the Antarctic Peninsula. South Georgia is under the greatest pressure by far, being relatively accessible from South America and the Falkland Islands, and including an administrative centre (King Edward Point) , which is the immigration port of entry and point of registration for vessel movements in the British territory of South Georgia and the South Sandwich Islands. Data on shipping visits to South Georgia are summarised in Fig. 3 . The majority of passenger landings on South Georgia are made from cruise ships and yachts (14 and 11%, respectively, of vessels visting in 2001). The number of landings in summer 2002/03 was a 50% increase over the total in 2001/02, and almost 1000 more than in 1999/2000 when the previous record was set. Of that number, approximately 97 % arrived on 45 voyages made by 16 different tour ships, with capacities ranging from 24 to 550 passengers. The remainder arrived on 14 yachts or small expedition vessels, some commercially operated (Moser & Betts, 2003) . Tourist landings take place both at the administrative centre and at a range of other sites of historical and wildlife interest (McIntosh & Walton, 2000) . South Georgia is also the focus of some of the largest Southern Ocean fisheries but, although fisheries-related vessels make up the largest proportion (55% in 2001) of ships visiting the island (a requirement of obtaining their licences), it is rare for personnel from these ships to land, other than for the exchange of fishery observers. Personnel also regularly land from military (warships and supply vessels, 8%), fishery patrol (7 %) and scientific research (4%) vessels. Precise numbers landing are not recorded in these cases, but the ships typically carry 20-100 personnel, the majority of which spend time ashore. Thus, in comparison with all other sub-Antarctic islands, and most sites in the Antarctic Peninsula region, South Georgia receives a much larger number of vessels, from a wider range of operations. The high density of shipping around South Georgia, combined with typically poor sea conditions, leads to an increased risk of accidents (and introductions via debris), exemplified by the recent (April 2003) groundings of three fishing vessels near King Edward Point, two of which have not been refloated. There are currently five points of departure for flights of tourists or research staff -southern Chile, southern Argentina, Falklands Islands, South Africa and New Zealand ; flights will soon begin from Tasmania. The aircraft used originate from several South American countries, Australia and New Zealand as well as others transiting from the USA, Canada, United Kingdom, Germany, Russia and Kazakhstan, and include both governmental and commercial operators. Some of these flights travel via King George Island (South Shetland Islands), and may go onwards to Patriot Hills and other parts of Antarctica.
In terms of personnel and cargo transport, by far the largest operation is that mounted from Christchurch (New Zealand) to the Ross Sea stations of McMurdo (USA) and Scott (New Zealand), utilising US Hercules and Starlifter aircraft, and New Zealand Hercules. Flights commenced from Cape Town, South Africa, to Dronning Maud Land during the 2001/02 season, but at much lower frequency than those from South America or New Zealand. When fully operational, the Australian Antarctic Division plans for flights from Tasmania to have a maximum transporting capacity of up to 400 personnel in a season (Clarke, 2003) . Without effective quarantine measures, alien organisms could be transported from all Southern Hemisphere continents to Antarctica within a 3-9 h period.
While intercontinental flights provide potentially rapid transfer into Antarctica, intracontinental flights raise a further, and largely unrecognized, risk of transporting indigenous biota between the different regions of the continent. The potential implications of this may be appreciated when it is realised that much of the terrestrial biota present is endemic to either the continental or maritime biogeographical zones (Pugh, 1993 ; Greenslade, 1995; Andrássy, 1998; Convey, 2001 b ; Øvstedal & Smith, 2001) . It is likely that biota transferred between zones will have a high chance 1 9 9 1 / 9 2 1 9 9 2 / 9 3 1 9 9 3 / 9 4 1 9 9 4 / 9 5 1 9 9 5 / 9 6 1 9 9 6 / 9 7 1 9 9 7 / 9 8 1 9 9 8 / 9 9 1 9 9 9 / 2 0 0 of survival, as analogous communities and stresses exist in each, and the likelihood of appropriate adaptations being present is high. There is a similar risk, also rarely highlighted, of accidental movement of indigenous biota within each zone (see Convey et al., 2000 c) , which would compromise scientific studies of molecular adaptation, regional evolution and biogeography.
V. IMPLICATIONS OF CLIMATE CHANGE (1 ) Climate trends
Temperature increases amongst the most rapid worldwide are well documented in the maritime Antarctic (Smith, 1990 ; Fowbert & Smith, 1994 ; King & Harangozo, 1998; Skvarca et al., 1998 ; Quayle et al., 2002) , with increases in annual air temperatures of at least 1 xC over the last 30-50 years reported at several locations. Analogous trends are seen at some sub-and continental Antarctic sites (e.g. Smith & Steenkamp, 1990 ; Gordon & Timmis, 1992 ; Frenot et al., 1997 ; Tweedie & Bergstrom, 2000 ; Smith, 2002) . By contrast, one report of regional cooling in the Dry Valleys region of Victoria Land (Doran et al., 2002 ; but see also Turner et al., 2002) has linked local cooling with decreased primary productivity and invertebrate populations. Climatic trends may not be constant throughout the year and this may have considerable biological significance. For example, the annual trend on the Antarctic Peninsula is driven by strong warming during winter, with much lower rates seen in summer (King & Harangozo, 1998) . While this has little direct effect on summer conditions, the active season for terrestrial biota may be extended by shortening the winter period, through earlier spring thaws and later autumn freezing. By contrast, warming reported at Signy Island (South Orkney Islands, also in the maritime Antarctic) has occurred mostly in summer, with little change during winter (Smith, 1990 ; Block & Convey, 2001 ). On subAntarctic Macquarie Island, warming is most pronounced in late summer and early autumn, although the island cools during severe ENSO events (Adamson, Whetton & Selkirk, 1988) .
In addition to increasing temperature, changes in other indices such as precipitation are documented. Precipitation patterns are likely to be linked with insolation, cloud cover and wind speed, and hence to temperature, especially at the microclimatic scale. Increases in precipitation have been predicted in the Antarctic coastal zone (Budd & Simmonds, 1991) and documented in the maritime Antarctic (Turner, Colwell & Harangozo, 1997) . Again, these changes may be linked with ENSO. Decreased precipitation has been reported at sub-Antarctic Marion and Kerguelen Islands since the early 1950s (Smith & Steenkamp, 1990; Frenot et al., 1997 ; Smith, 2002 ; Chapuis et al., 2004) and, more recently, from maritime Antarctic Signy Island (Noon et al., 2001) . In the maritime Antarctic, there is also an increasing likelihood that summer precipitation will fall as rain rather than snow, and hence be immediately available to terrestrial ecosystems. On Macquarie Island, time series analysis of 50 years of meteorological data has shown increases in mean monthly surface air temperature, wind speed, precipitation and evapotranspiration and decreases in air moisture content and sunshine hours (C. Tweedie, D. Doley & D. Bergstrom, unpublished data).
As well as direct precipitation, water availability in terrestrial habitats is governed by seasonal snow and glacial melt, and this is usually the only source of liquid water in continental Antarctica. Rapid rates of glacial retreat and loss of 'permanent ' snow cover observed at a range of maritime and sub-Antarctic sites are particularly significant in this context (Smith, 1990; Gordon & Timmis, 1992; Fowbert & Smith, 1994 ; Frenot et al., 1997 ; Pugh & Davenport, 1997 ; Fox & Cooper, 1998; Kiernan & McConnell, 2002) . While increasing input of water to terrestrial ecosystems, earlier or increased melt may also exhaust reserves of ice or snow before the end of the summer, hence locally increasing water stress on terrestrial biota. If warming increases the frequency of winter thaws it may encourage formation of a sub-snow ice layer on the ground surface (described by Davey, Pickup & Block, 1992; Arnold et al., 2003) . In a recent Arctic study, this process was shown to have negative effects on some soil faunal communities (Coulson et al., 2000) .
The potential consequences of the annual formation of the Antarctic ozone hole, leading to greater penetration of UV-B radiation to the Earth's surface during the austral spring, have received much attention. This anthropogenic feature has existed only since the early 1980s (Farman, Gardiner & Shanklin, 1985) and, as yet, shows no sign of recovery. Though no link has yet been proposed with the biology of alien species, subtle biological consequences for indigenous biota are beginning to be reported, including dynamic changes in patterns of use of biochemical pathways associated with protective pigment production (Newsham et al., 2002) and negative effects on population sizes of microarthropods (Convey et al., 2002 b) .
(2 ) Implications for alien biota
The implications of climate change for existing Antarctica biota have been extensively discussed (e.g. Selkirk, 1992; Wynn-Williams, 1994 Convey, 1997 Convey, , 2001b Walton et al., 1997) , and investigated by using field manipulations and the naturally rapid rates of change in the Antarctic Peninsula region (e.g. Smith, 1990; Day et al., 1999 ; Convey, 2001b) . Climatic amelioration is also likely to enhance the ability of both natural long-distance colonists (especially those with long-surviving propagules ; Smith, 1993) and human-assisted aliens to become established, particularly in the sub-Antarctic (Selkirk, 1992; Chown & Language, 1994 ; Kennedy, 1995a ; Bergstrom & Chown, 1999) . Several plants (notably the two angiosperms indigenous to the maritime Antarctic, Colobanthus quitensis and Deschampsia antarctica) have rapidly expanded their local ranges as climates have warmed. Terrestrial invertebrates are then able rapidly to colonize newly available habitats. However, to date, most ecological evidence, whilst extremely suggestive, remains circumstantial. There are few instances of long-distance colonization of new sites by species from elsewhere in the Antarctic [one example being the moss Polytrichum piliferum on Signy Island (Convey & Smith, 1993) ], and none for lower latitude species, that can even circumstantially be linked with climate amelioration. Although it is commonly assumed that climate amelioration will reduce environmental stresses, a recent study of the springtail, Cryptopygus antarcticus, highlights the danger of making this assumption (Block & Convey, 2001 ; see also . This study identified periods of increased desiccation stress during the austral summer, linking this with exhaustion of water supplies. Interactions between these processes may even result in local range limitation for this springtail species.
Field manipulation methods have been used to mimic predicted climatic changes (e.g. Wynn-Williams, 1992 , 1996b Day et al, 1999 ; Convey et al., 2002 b ; see Kennedy, 1995c , Table 1 ). These methods have several weaknesses (Kennedy, 1995b, c) , and the more recent studies have developed means to minimize their effects, but they have been useful for assessing the likely responses of the indigenous biota to climate change. The use of screens has led to spectacular responses in the growth of microbial groups, bryophytes and higher plants (Smith, 1990 (Smith, , 1994 WynnWilliams, 1993 WynnWilliams, , 1996 Kennedy, 1996) . Fewer studies have been directed at faunal communities, but some arthropod populations have expanded rapidly (Kennedy, 1994) , and trophic groups of soil nematodes have responded differently (Convey & Wynn-Williams, 2002; . Faunal responses are likely to be mediated by those of the microbial groups on which many depend for food, as well as by the direct impact of environmental manipulation. The difficulties of predicting and interpreting consequences of multifactorial environmental change or manipulation are illustrated by a recently completed long-term manipulation study carried out near Palmer Station (Anvers Island, west Antarctic Peninsula) (Convey et al., 2002b) . Day (2001) and Searles et al. (2001) further highlighted that apparently small or insignificant changes at one level may combine to generate far more significant consequences at other levels in an ecosystem.
In the sub-Antarctic, climatic amelioration is likely to have two main effects. First, because alien species are already established on many islands, some may change from persistent to invasive status. Barendse & Chown (2000) argued that most alien insects on Marion Island have rapid life cycles that are likely to respond strongly to temperature, whilst indigenous species generally have a much slower life cycle and are less responsive or might succumb to higher temperatures. The change in status of several alien plants on Marion Island (Gremmen & Smith, 1999 ) might also be a consequence of climate change. Increases in vegetative or sexual reproduction may lead to natural colonization of nearby, currently pristine sites, as has happened at the infrequently visited Prince Edward Islands (Gremmen & Smith, 1999) . Second, indigenous species may also respond rapidly. For instance, the diving beetle Lancetes angusticollis, present in lakes on South Georgia, may show a very rapid response to warming (Arnold & Convey, 1998) , as an increase of only 1 xC in lake temperature would allow completion of an annual rather than the current biennial life cycle. As this beetle is the top predator in the lake ecosystem, a significant but currently unknown impact on local trophic dynamics is to be expected.
Secondary or tertiary consequences linked with climatic change may also have large impacts. For instance, while the recent rapid recovery of Antarctic fur seal populations (Croxall, 1992 ; Guinet, Jouventin & Georges, 1994 ; Page et al., 2003) , previously hunted to the verge of extinction, is generally attributed to lack of feeding competition through anthropogenic reductions in great whale populations, recent seasonal changes in distribution of this species may also be linked with regional climate warming (Quayle et al., 2003) . The impact of these population changes on terrestrial and freshwater ecosystems has been drastic, with trampling and excessive nutrient input leading to the virtually complete destruction of large areas of terrestrial vegetation and the eutrophication of previously oligotrophic lake systems (Smith, 1988 (Smith, , 1997 Butler, 1999) . Table 5 presents some likely future responses of some alien species to environmental change and their impacts on indigenous biota. These predictions are based on the limited knowledge available, and it is likely that the impacts of alien species will be far more subtle and pervasive.
VI. CONCLUSIONS
(1) This study is the first major summary of knowledge of alien taxa for southern, high-latitude sub-Antarctic and Antarctic regions. The biota of most sub-Antarctic islands and some maritime and continental Antarctic ice-free areas include alien taxa. Opportunities for alien invasion have been restricted to the last two centuries, commencing with historical sealing and whaling industries and extending to the research, commercial and tourist activities of modern times.
(2) Risks of introduction of alien species to Antarctica and the sub-Antarctic, while lower than elsewhere, remain significant, as are the chances of existing persistent species becoming major invasives. Impacts of alien taxa on indigenous ecosystems range from negligible and transient, through persistence with very limited distribution, to major and complex ecosystem consequences of aggressive invasives.
(3) To date, research has focused on higher and more visible taxa such as vascular plants, macro-invertebrates and, particularly, mammals. The majority of these are representatives of widespread families and/or are European in origin, reflecting either direct European sources or victualling supplies often being obtained through southern ports already awash with European invasives.
(4) Major correlates of invasion are island size (reflecting habitat heterogeneity and human visitors) and temperature. Warmer locations have greater numbers of aliens. On the Antarctic continent, no species of vascular plant or macroinvertebrates have yet established despite their release into these environments, while only a very small number of aliens have persisted in the maritime Antarctic. The subAntarctic Kerguelen and Crozet Islands, with a relatively mild climate and long history of human occupancy and industry (whaling and farming), currently host the greatest (5) Unless stringent measures are taken to reduce the propagule load on humans, their food, cargo, and transport vessels it is reasonable to predict that, as the number of human vectors visiting sub-Antarctic and Antarctic ice-free areas increases, so will the introduction and establishment of new invasive taxa and, therefore, subsequent modification of ecosystem functioning. The greatest care must be taken to prevent the import of vertebrates, particularly rodents and cats. Moreover, in the case of intra-regional transfers, the interpretation of biological data on the evolution of Antarctic biota will be significantly compromised.
(6) Current climatic trends will further enhance alien invasion. Under most threat are relatively milder areas with increased human visitation and the most dramatic changes in environmental conditions. South Georgia, with climate warming, glacial retreat and a large and increasing number of visitors, undoubtedly stands out as the most threatened area.
(7) There is a clear and urgent need for the establishment of long-term monitoring programmes. Without such data, prerequisite for establishing appropriate risk management protocols, it will be difficult or impossible to identify and assess future invasions, monitor the status of species already established or assess the effectiveness of any mitigation measures adopted. The Committee on Environmental Protection (http ://www.cep.aq), established under the Madrid Protocol, has an important role to play in such a process, and should establish the means to do so.
(8) A range of further mitigation measures should be considered in concert with monitoring. Practicable approaches include (and are variously incorporated into existing management plans for some locations) : cessation of imports of foreign biological material and soil, and onstation cultivation of biological material ; stringent measures to ensure rodent-free status of ships and aircraft ; logistical planning to minimise the risk of intra-regional and local transfer of propagules to pristine locations; control of visitor numbers and access to more sensitive or pristine sites ; cleaning/sterilization of high risk transport locations for aliens, such as cargo surfaces, foodstuffs and clothing (important in both inter-and intra-regional contexts); and targeted and carefully planned eradication, where practicable and desirable.
(9) Alien species may themselves be a research resource in the context of understanding why some species are more successful at invading than others and how this success might be altered as both local and regional environments change.
Note added in proof : Tavares & De Melo (2004) reported the discovery of the majid spider crab Hyas araneus in the Antarctic Peninsula marine waters. This North Atlantic species is the only record of a non-indigenous marine species in Antarctic seas. It may have arrived in Antarctica via ships' sea-chests or ballast water.
